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Abstract 
We found that very strong negative optical pressure can be induced in plasmonic cavities by LC resonance. 
This interesting effect could be described qualitatively by a Lagrangian model which shows that the 
negative optical pressure is driven by the internal inductance and the kinetic energy of the conduction 
electrons. If the metal is replaced by perfect conductors, the optical pressure becomes much smaller and 
positive.   
The fact that electromagnetic (EM) radiation exerts pressure on any surface was deduced theoretically by 
Maxwell in 1871, and demonstrated experimentally by Lebedev in 1900 [1] and by Nichols and Hull in 
1903 [2]. Recently, there is an increasing interest in optical forces acting on resonance cavities [3-8], partly 
due to the emergence of the field of cavity optomechanics [7-11]. One may anticipate that the radiation 
field confined by a cavity should serve to expand the cavity as the photons bounce back and forth between 
the cavity walls. This is indeed the case for a large class of resonant cavities, such as closed metallic 
rectangular cavities made up of perfect electric conductor (PEC) walls, whispering gallery mode cavities, 
and Fabry-Perot cavities. We will show that a very simple system can display light-induced resonance that 
is not only large in magnitude, but also attractive rather than repulsive. This will provide a new platform to 
realize giant optical forces, in addition to micro/nano-systems such as photonic crystals [12, 13], plasmonic 
structures [14-17], micro-cavities and waveguides [18-20]. 
 We propose that instead of the usual positive pressure, one can induce a strong negative pressure 
between the walls of an open metallic cavity, by utilizing the kinetic energy of the electrons inside the 
metallic cavity walls. Consider a planar structure consisting of a square metal patch placed above another 
bigger square metal slab, as illustrated in Fig. 1. The thickness of the patch and slab is t=10nm. The size of 
slab is taken to be five times of the patch, and the results are qualitatively the same as long as the slab is a 
few times the size than the patch. The distance between the patch and the slab is D. Metamaterials [21-26] 
exhibit artificial resonant responses, and such responses can be realized in the visible or infrared frequency 
range based on LC resonance effect [27-29]. Here, the patch and slab forms an LC resonance cavity [30]. 
We propose a simple Lagrangian model to describe qualitatively the resonance property of the equivalent 
LC circuit for this structure [31-34]. The circuit’s Lagrangian could be expressed as [35]. 
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Here, m eL L L= +  and m eC C C= + . m 0L μ D / 2=  and mC  are the external inductance and capacitance, 
( )2e p 0L 1 / ω ε t=  and eC  are the internal inductance and capacitance [36-38], Q is the net charge in the 
capacitor, 2mL Q / 2  is the magnetic field energy stored between the two patches, 2kinetic eU L Q / 2=   is the 
kinetic energy of the electrons due to the induced current inside the metal. We will ignore the internal 
capacitance which is much smaller than external capacitor, i.e. mC C≈ . Then ( )2electric mU Q / 2C=  is the 
potential energy stored in the cavity. For a finite sized patch, the edge effect due to field leakage on both 
ends of the patch has to be considered, and Cm is modeled as 
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coefficient α  gives the magnitude of edge effect. 
In the presence of Ohmic dissipation and an external driving field, the Euler-Lagrange equation can be 
written as d e.m.f .
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optical force exerted on the patches can be calculated as a generalized force corresponding to the 
coordinate D [35]: 
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As the internal inductance does not depend on the gap distance, we have eL / D 0∂ ∂ =  [36-38]. 
Approximating our system by a parallel plate transmission line, we have, m m mL D L / D L / D⇒ ∂ ∂ =∼ . We also 
have m mC C A
D D A α D
∂ = − ⋅∂ + ⋅ . At the resonance frequency 0ω , if time averaging is performed for one oscillation 
period, one could obtain ( )2 2 2 2m e 0 mt ttL Q L L ω Q Q / C= + ⋅ ⋅ = . Substituting these into Eq. (2), one obtains 
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Here, 
t
⋅  denotes the time averaging. We can see that the total optical force given in Eq. (3) includes a 
term 
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A . The effective length of patch could be approximately taken as (1)eff AA  , 
and the area of patch is ( )22 (1)effS A=  A . The optical pressure normalized by the incident intensity 20 0 01I ε c E2= ⋅ ⋅  
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suggests that the optical pressure between the the patch and the slab is induced by the LC resonance is 
determined by competition between negative pressure from the kinetic energy of electrons and positive 
pressure from the edge effect of E field. In the following numerical simulations, we will show that the 
negative pressure from kinetic energy is much stronger than the positive pressure from edge effect. Then 
the total optical pressure P is negative.  
We shall now proceed by using numerical simulation with a commercial software package CST 
Microwave to show that our Lagrangian model can capture the essence of physics and a giant negative 
pressure can indeed be induced by external light. In the simulations, the metal permittivity gold is taken to 
be of the Drude form ( ) 2p2
m
ω
ε ω 1
(ω iγ ω)
= − + ⋅ , with  
16 1
pω 1.37 10 s
−= ×   and 13 1mγ 12.08 10 s−= ×  for gold. These 
characteristic frequencies are fitted from experimental data [39]. For the structure depicted in Fig. 1, the 
parameters are chosen as A=200nm, D=30nm and t=10nm in the simulations. Open boundary conditions 
are used in all three directions. The incident plane EM propagates upward along the y direction. The E field 
of incident wave is set as 0E 1.0V / m= . When the incident frequency is swept from 150 to 350 THz, the 
frequency dependence of E field between two patches is plotted in Fig. 2 (a). One LC resonance mode is 
excited at 255THz. The profiles of the electric and magnetic field at the LC resonance mode are shown in 
fig. 2 (c)-(d). We see that the field strongly localizes in the space between the patch and the slab at this 
resonance frequency.  
After obtaining the EM fields, the time-averaged optical force
t
F between the patch and slab can then 
be calculated rigorously using the Maxwell’s stress tensor via a surface integral 
t tS
T ds= ⋅∫∫F w , where 
( )αβ 0 α β αβT ε E E E Eδ / 2= − ⋅ ( )0 α β αβμ H H H Hδ / 2+ − ⋅  and S is the integration surface enclosing one patch. Figure 2(b) 
shows the calculated optical force per unit area acting on the surface of patch as a function of frequency. At 
the resonance frequency, a strong negative (attractive) pressure on the wall of cavity could be obtained 
(about -698 Pa/(mW/μm2)). For an infinite perfectly reflecting plate, the positive optical pressure exerted 
by a plane wave with the same frequency is only about 10 Pa/(mW/μm2). The negative optical pressure in 
the plasmonic cavity is much stronger than the usual optical pressure. Such a strong negative optical 
pressure might be able to mechanically deform the structure, leading to optomechanical coupling of the 
photon and phonon modes [7-11]. The direction of the force is opposite to the propagating direction of the 
incident light [1, 2].  
The dependence of the optical pressure on the distance D was numerically simulated and plotted in Fig. 
3 (a). For small D ( D A ), as the edge effect term in equation (3) can be neglected, P is dominated by the 
kinetic energy term, which carries an explicit 1/D dependence. Consequently, the log of ( P− ) should scale 
linearly with log(D) for small D. The log-log relationship between optical pressure P and distance D is 
given as black square dots in Fig. 3 (a). As shown in Fig. 3 (b), for the small distance D below 50nm, 
log( P)−  is indeed inversely proportional to log(D) . For D greater than 50nm, the edge effect term in Eq. (3)
cannot be ignored and its positive pressure will counteract part of the negative pressure from the kinetic 
energy term. As a result, the total optical pressure is no longer inversely proportional to D and the 
calculated log( P)−  deviates from a straight line progressively as D increases, as shown in Fig. 3 (a). In our 
CST simulations, the dependence of the optical pressure on the parameter A was also investigated and 
plotted in Fig. 3 (b). There is an optimal patch size that gives a maximum force, and the optical pressure 
decreases for smaller and bigger patches. We show in the Appendix [34] that the salient features of the 
numerical calculations can be reproduced with the Lagrangian model. In particular, the Lagrangian model 
gives a simple picture to show that the optical pressure in plasmonic cavity is mainly driven by the 
near-field localized LC resonance coupling and the kinetic energy inside the plasmonic plates is the key 
behind the strong negative pressure.  
To further clarify the role of the kinetic energy of electrons, we consider the same structure illustrated 
in Fig. 1 with A =200nm and D=30nm, but with all metals replaced by perfect conductors (PEC). Since the 
EM field does not penetrate into the PEC, there is no contribution from the kinetic energy of the electrons. 
According to our model, the optical pressure only comes from the edge effect term in Eq. (3), which should 
be repulsive and small as A is much bigger than D. Indeed, the numerical calculated optical force for the 
PEC structure is only 187 Pa/(mW/μm2), much smaller than the attractive force of -698 Pa/(mW/μm2) in 
the plasmonic structure (see table 1). Moreover, the optical pressure for the PEC structure is positive, 
contrary to the negative pressure in plasmonic systems. While the numerical calculations are fully 
electrodynamical, we can understand the results qualitatively by considering the quasi-static limit, as we 
have a subwavelength system. In that limit, the optical force can be separated into a Coulomb electric force 
e
e αβt t
T ds= ⋅∫∫F w and an Ampere magnetic force mm αβt tT ds= ⋅∫∫F w , where ( )eαβ 0 α β αβT ε E E E Eδ / 2= − ⋅  and 
( )mαβ 0 α β αβT μ H H H Hδ / 2= − ⋅ . Since the former is induced by charges and the latter by current, we can write 
2
e t
e αβt t
Q 1T ds
C D
= ⋅ = −∫∫F w  and m 2mm αβt tt LT ds = QD= ⋅∫∫F w . As the size of the patch is finite, the E field at the 
edge of the patch cannot be completely confined under the patch. Table 1 shows that this edge effect of E 
field makes the attractive Coulomb force (-299.5 Pa/(mW/μm2) smaller than the repulsive Ampere force 
(487.3 Pa/(mW/μm2), and the difference of 187.9 Pa/(mW/μm2) is the residual positive pressure due to 
edge effect as described in the Lagrangian model. However, the situation is entirely different for the 
plasmonic cavity. In the structure made of Drude metal and at frequencies in which the field penetrates the 
metal, most of the inductance is manifested as the kinetic energy of the electrons and only a small part in 
the magnetic field. The electric field energy becomes stronger than the magnetic field energy, and this 
difference induces strong optical forces in the plasmonic structure. In our simulated data given in Table 1, 
the negative optical pressure from the electric field (-849 Pa/(mW/μm2)) is much larger than the positive 
optical pressure from the magnetic field (151 Pa/(mW/μm2)). These results agree with our theoretical 
model quite well.  
In the above discussion, we focused on the optical pressure in a single plasmonic cavity. For a periodic 
array of many such plasmonic cavities, the total optical force could be seen as sum of optical force from 
many such plasmonic resonators if the coupling interaction between them is small, and coherent coupling 
may further enhance the effect. This could produce a substantial optical force in an extended system. Not 
only is this optical force strong, the phenomenon is expected to be very robust. We can see from Fig. 2(b) 
that the quality factor is relatively low, at least when compared with, for example, whispering gallery mode 
resonators. In principle, one could also obtain strong optical forces between two objects if high-fidelity 
resonances (such as whispering-gallery mode) are excited, but the frequency must be very precise in those 
“photonic molecules” and would be much more difficult to realize than the present configuration which 
employs plasmonic resonances. We note that in ordinary electromagnetic cavities, such as Fabry-Perot 
cavities or micro-disk resonators, the resonance force is repulsive. In our plasmonic system, the penetration 
of the field into the metal leads to a giant attractive optical force. 
In summary, we designed a plasmonic cavity system comprising a patch and a slab. We find that the 
kinetic energy of conduction electrons plays a key role in inducing a strong negative optical pressure. A 
Lagrangian model is proposed to describe the salient features. The mechanism and theoretical model 
reported in this paper could have potential applications in many other subwavelength optomechanical 
plasmonic structures.  
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 Fig.1 Schematic of nanocavity with two gold patches.  
  
Fig.2 The frequency dependence of (a) local electric field between two patches and  (b) optical pressure 
between two patches (with A=200nm, D=30nm); (c) Magnetic field (on y-cut middle layer) and electric 
field (on z-cut middle layer) at the resonance frequency ω 255THz= . 
 
    
  
Figure 3 (a) The log-log relationship between optical pressure P and distance D (with A=600nm); (b) the 
dependence of optical pressure P on the size parameter A (with D=30nm).  
 
Table 1 Numerically calculated optical forces for the plasmonic and PEC structure (with A =200nm, 
D=30nm) at resonance frequencies.  
Material 
Optical force 
calculated from 
magnetic field 
[Pa/(mW/μm2)] 
m
m αβt t
T ds= ⋅∫∫F w  
Optical force 
calculated from electric 
field 
[Pa/(mW/μm2)] 
e
e αβt t
T ds= ⋅∫∫F w  
Total optical pressure 
[Pa/(mW/μm2)] 
e m
αβ αβt t t
T T ds⎡ ⎤= + ⋅⎣ ⎦∫∫F w  
Optical 
Pressure 
Drude 151 -849 -698 Negative  
PEC 487.3 -299.5 187.9 Positive 
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Part I: Derivation of the values of various system parameters: magnetic inductance mL , kinetic inductance eL , 
capacitance mC  and resistance effR  
 
We first give the field patterns of the resonance mode in Fig. S.1 and an equivalent lumped element circuit for the 
patch-slab system in Fig. S.2. 
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FIG. S.1 The profile of the electric field (panel a for y component and panel c) and of the magnetic field ( panel b) at the LC 
resonance (Note: By “edge effect”, we mean that the electric field at the edge of patch is not entirely confined inside the 
space between patch and slab and spills outside –A/2 < X < A/2). Results are calculated with the numerical solver “CST”.  
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FIG S.2 Equivalent lumped LC circuit of patch-slab system 
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FIG S.3 (a) A schematic picture of the area density of charge ( )ρ x ; (b) Linear density of current j(x) .  
For the LC resonance mode depicted in Figure S.3, the external field induces a current to oscillate to and fro in the patch, 
leading to electric charge accumulation at two boundaries of patch during one oscillation cycle.  By examining the 
numerically calculated field pattern, we found that for the fundamental resonance mode, it is a reasonably good appropriation 
to write the amplitude of the area density of charge on the patch as ( ) ( )0ρ x ρ sin x π / A= ⋅ ⋅ . Then, the total charge accumulated 
at one side of patch is ( )A/2 A/2 200 A/2Q ρ x dx dz ρ A / π−= ⋅ ⋅ = ⋅∫ ∫ . At the same time, we can take the linear density of current on the 
patch is ( ) ( )0j x j cos x π / A= ⋅ ⋅ , then the current passing through the patch at the location x is 
( ) ( ) ( )A/2 0A/2I x j x dz j A cos x π / A−= ⋅ = ⋅ ⋅ ⋅∫ . In the middle of patch, the current reach its maximum value 0 0I j A= ⋅ .     
 
I. Faraday magnetic inductance:  
The Faraday inductance Lm is obtained from 2 mm m 0 m 2
0
2E1E L I L
2 I
= ⇒ = , where Em is the energy due to the magnetic field. 
For the LC resonance mode, most of the magnetic energy is well confined inside the space between patch and slab. Magnetic 
field inside the gap can be approximated as ( ) ( )H x j x= . Then the magnetic energy can be calculated as  
 ( ) ( )A/2 A/2 D2 2 20 0 0m 0A/2 A/2 0μ μ μE H x dV j x dx dz dy D I2 2 4− −
⎛ ⎞= ⋅ ⋅ = ⋅ ⋅ ⋅ ⋅ = ⋅ ⋅⎜ ⎟⎝ ⎠∫∫∫ ∫ ∫ ∫x  (1)  
Here, magnetic inductance could be obtained as 2m m 0 0
1L 2 E / I μ D
2
= ⋅ = .  
 
II. Kinetic or Internal inductance:  
We use 2 kk e 0 e 2
0
2E1E L I L
2 I
= ⇒ = to obtain the internal inductance where Ek is the kinetic energy of the electrons in the induced 
currents inside the patch and the slab. For the LC resonance mode, part of the resonant mode energy is transformed into the 
kinetic energy of electrons inside the slab and patch when the field penetrates the metal. The velocity of electron is 
( ) ( ) ( )e
e e
I x 1v x j x
n e A t n e t
= = ⋅⋅ ⋅ ⋅ ⋅ ⋅ . The kinetic energy can be calculated as  
 ( ) ( ) ( )22 2 2e ee e e e e e 02 2 2 2
e 0 p
n m1 1 1 1 1E m v x n m v x dV j x dV I
2 2 2 n e t 2 ε ω t
⎡ ⎤ ⎡ ⎤= ⋅ = ⋅ ⋅ ⋅ = ⋅ ⋅ ⋅ = ⋅ ⋅⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦∑ ∫∫∫ ∫∫∫x x  (2) 
Here, 
2
2 e
p
0 e
n e
ω
ε m
= . Then kinetic inductance could be obtained as 2e e 0 2
0 p
1L 2E / I
ε ω t
= = . The result is good as long as the metal 
patch is thin so that it is fully penetrated by the external field. The integration volume includes the patch and the slab.  
 
III. Capacitance:  
The capacitance can be obtained as
2 2
e m
m e
Q QE C
2C 2E
= ⇒ = , where Ee is the electric field energy in the cavity. If the electric field 
energy is well confined inside the space between patch and slab, it can be approximated as  
 ( ) ( ) ( )
2 2 2A/2 A/2 D2 2 2 2
e 0 0 0 2A/2 A/2 0
0 0 0 0
ρ x1 1 1 1 π QE ε E x dV ε dV ρ x dx dz dy ρ A D D
2 2 ε 2ε 4ε 4ε A− −
⎡ ⎤⎛ ⎞= ⋅ = ⋅ = ⋅ ⋅ = ⋅ ⋅ = ⋅⎢ ⎥⎜ ⎟⎝ ⎠ ⎣ ⎦∫∫∫ ∫∫∫ ∫ ∫ ∫x x  (3) 
Then the capacitance is 
2 2
m 0 2
e
Q 2 AC ε
2E π D
= = . Actually, for the LC resonance mode given in figure S.3, we can see that electric 
field energy is not that well confined between the patch and slab due to the edge effect at the boundary of patch. It is difficult 
to calculate the total electric energy of the whole system analytically including the edge effect. However, the calculation of 
total capacitance should include the edge effect. Here, we could introduce an empirical coefficient α  to denote the 
magnitude of edge effect and the total capacitance could be expressed as 
2
m 0 2
2 A DC ε 1 α
π D A
⎛ ⎞= ⋅ +⎜ ⎟⎝ ⎠ . Here, the coefficient α  
could be obtained from simulation data (see Figure S.4).  
 
IV. Effective Resistance  
The complex power of this LC resonator is obtained by 2eff 0
1P Z I
2
= ⋅  where Z is the effective impedance of the system. For the 
whole system, the complex power can be calculated by  
 ( ) ( ) ( )A/2 A/22 2 2 20A/2 A/21 1 1 dx 1 1P 2 I x dZ x 2 j x A I2 2 σ A t 2 σ t− −
⎡ ⎤ ⎡ ⎤= ⋅ ⋅ = ⋅ ⋅ ⋅ ⋅ = ⋅ ⋅⎢ ⎥ ⎢ ⎥⋅ ⋅⎣ ⎦ ⎣ ⎦∫ ∫ . (4) 
The factor of 2 takes care of the patch and the slab. 
Here, the complex conductivity is 
2
p
0
m
ω
σ iε
ω iγ
= +  for drude model. Then the total effective impedance is  
 meff eff e2 2
0 p 0 p
γ1 1 ωZ i R iωL
σ t ε ω t ε ω t
= ⋅ = − = − . (5) 
Then we obtain the Ohmic resistance as meff 2
0 p
γR
ε ω t
=  and e 2
0 p
1L
ε ω t
= (this result for eL agrees the above calculation for eL ).  
V. Comparison with simulation data 
The patch–slab structure can be seen as an equivalent LC circuit. Based on the above calculation of mL , eL and mC , its 
resonance frequency could be written as  
 ( ) 2e m m 0
02 2
0 p
1 1
ω
L L C μ D1 2 A D
ε 1 α
ε ω t 2 π D A
= =+ ⋅ ⎛ ⎞ ⎛ ⎞+ ⋅ ⋅ + ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
. (6) 
In the simulations, the thickness is set as t=10nm. We could obtain the dependence of resonance frequency on A and D, see 
figure 4. Fitting the simulated data with equation (6), we could obtain a value of α 14=  for the best fit.  
 
FIG. S.4 The dependence of resonance frequency on A (with D=30nm) and D (with A=600nm). Here, black dots: simulated 
data; red solid line: calculated results from equation (6) without edge effect ( α 0= ); blue solid line: calculated results from 
equation (6) including edge effect ( α 14= ) 
 
Part II: Derivation of optical pressure from Lagrangian model 
In Fig. S.1-3, the system of a patch and a slab can be seen as an equivalent LC circuit resonator. Here, we propose a 
Lagrangian model to describe the resonance property of the equivalent LC circuit for the resonator. The circuit’s Lagrangian 
can be expressed as 
 
2 2L Q Q
2 2 C
⋅= − ⋅L

. (7) 
Here, m eL L L= +  and m eC C C= + . m 01L μ D2=  and 
2
m 0 2
2 A DC ε 1 α
π D A
⎛ ⎞= ⋅ +⎜ ⎟⎝ ⎠  are the external inductance and capacitance, 
e 2
p 0
1L
ω ε t
=  and eC  are the internal inductance and capacitance. We will ignore the internal capacitance eC  which is much 
smaller than external capacitance mC .  Q is the net charge in the capacitor, 2mL Q / 2  is the magnetic field energy stored 
between the two patches, 2kinetic eU L Q / 2=   is the kinetic energy of the electrons due to the induced current inside the metal. 
We will ignore the internal capacitance which is much smaller than external capacitor, i.e. mC C≈ . Then ( )2electric mU Q / 2C=  
is the potential energy stored in the cavity. 
     In the presence of Ohmic dissipation and an external driving field, the Euler-Lagrange equation can be written as 
d e.m.f .
dt Q Q Q
∂ ∂ ∂⎛ ⎞ − = − +⎜ ⎟∂ ∂ ∂⎝ ⎠ 
L L R , where 2effR Q / 2= ⋅R  (Reff is the effective resistance in the system) and the e.m.f. due to external 
field E0 is ( )(1) (2) ikDeff 0 eff 0emf E d E E e= − ⋅ = − ⋅ − ⋅ ⋅∫ A A Av , with (1)effA  and (2)effA  being the effective length of the dipole on the patch and 
the slab respectively and the factor ( ) ωexp ik D exp i D
c
⎛ ⎞⋅ = ⋅⎜ ⎟⎝ ⎠   represents the retardation effect. To simplify expressions, we 
introduce the notation ( )' (1) ikDeff eff 1 τ e= ⋅ − ⋅A A  with (2) (1)eff effτ /= A A . Solving the Euler-Lagrange equation gives the resonance 
frequency of the cavity ( )0 2e m m 0
02 2
0 p
1 1
ω
L L C 1 μ D 2 A D
ε 1 α
ε ω t 2 π D A
= =+ ⋅ ⎛ ⎞ ⎛ ⎞+ ⋅ ⋅ + ⋅⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
.  We obtain the solution for Q as 
 
'
eff
022
2 eff
1Q E
L R1
ω ω
LC L
= − ⋅ ⋅
⎛ ⎞⎛ ⎞− +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
A . (8) 
At the resonance 0ω 1 / LC= , the solution of charge is ( )
'
eff
0 0
eff 0
1Q ω ω E
R ω
= = − ⋅ ⋅A .  The optical force exerted on the patch can 
be calculated as a generalized force corresponding to the generalized coordinate D 
 
2 2 2
2em m
2
m m
LL CLQ Q 1 1 QQ
D D 2 2C 2 D D 2 C D
⎛ ⎞ ∂∂ ∂∂ ∂ ⎛ ⎞ ⎛ ⎞= = − = + +⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠⎝ ⎠⎝ ⎠
L
F
  . (9) 
If we include E field edge effect, the capacitor could be expressed as 
2
m 0 2
2 A DC ε 1 α
π D A
⎛ ⎞= ⋅ +⎜ ⎟⎝ ⎠ (see Part I), then we have 
m mC C A
D D A α D
∂ = − ⋅∂ + ⋅ . As the internal inductance does not depend on the gap distance, we have eL / D 0∂ ∂ = . For magnetic 
inductance, we have m 0 m m
1L μ D L / D L / D
2
= ⇒ ∂ ∂ = . Then time average of optical force could be expressed as  
 2
2m mt
2t t
m
2
2m t
t
m
2 2
2 2 2 2 2m t t
0 0 tt t
m m m
2
2 2m t
t t
m
e
Q1 L 1 CQ
2 D 2 C D
Q1 L 1 1 AQ
2 D 2 C D A α D
Q Q1 L 1 1 1 1 αD 1Q note :ω ; Q ω Q
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Q1 L 1 L 1 1 αDQ Q
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∂ ∂= ⋅ + ⋅∂ ∂
⎛ ⎞= − ⎜ ⎟+ ⋅⎝ ⎠
⎛ ⎞ ⎛ ⎞⎛ ⎞⎜ ⎟= − + = =⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠⎝ ⎠
⎛ ⎞ ⎛ ⎞= − +⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠
= −


 
 

F
2 2
t t
m
Q1 1 αD .
D 2 C D A αD
⎛ ⎞+ ⎜ ⎟+⎝ ⎠
 (10) 
Here, we can see that the total optical force given in equation (10) includes two parts: 
2
e t
L Q1
2 D
−

 is an attractive force 
originating from kinetic energy of electron; 
2
t
m
Q1 1 αD
2 C D A αD
⎛ ⎞⎜ ⎟+⎝ ⎠ is a repulsive force coming from E field edge effect. At 
resonance frequency 0ω ω= ,
( ) 22 m et t
m
L L QQ1 1
2 C 2 D
+=

 and 
2(1) 2
2 2eff 0
0t
eff
ω1 τQ τ cos D E
R 2 c
⎛ ⎞ ⎡ ⎤+ ⎛ ⎞= ⋅ − ⋅ ⋅ ⋅⎜ ⎟ ⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦⎝ ⎠
A . The effective length of 
patch could be approximately taken as (1)eff AA  . In our design, the patch is square shape. Then the area of patch is 
( )22 (1)effS A=  A . The optical pressure normalized by the incident intensity 20 0 01I ε c E2= ⋅ ⋅  could be obtained as  
 
2
t e 0
2 2
0 0 eff e
L ω1 1 τ L αDP τ cos D 1
I S ε cR D 2 c L A αD
⎛ ⎞⎡ ⎤+ ⎛ ⎞= ⋅ − ⋅ ⋅ ⋅ − + ⋅ ⋅⎜ ⎟⎢ ⎥⎜ ⎟⋅ +⎝ ⎠⎣ ⎦ ⎝ ⎠
F
=  (11) 
In equation (11), 0 mω =1/ L C⋅ , m eL L L= + , e 2
p 0
1 1L
ω ε t
= ⋅ , m 01L μ D2= , 
2
m 0 2
2 A DC ε 1 α
π D A
⎛ ⎞= ⋅ +⎜ ⎟⎝ ⎠ ，
m
eff 2
p 0
γ 1R
ω ε t
= ⋅ . (for gold, 
16
pω 1.37 10 Hz= × , 13mγ 12.08 10 Hz= × ). At last, we cold obtain the normalized optical pressure as  
 ( ) ( ) ( )
2 2 2η 1 τ βD π D αDP τ cos 2π 1 1 βD
D 2 1 βD A A αD A αD
⎡ ⎤⎛ ⎞+ ⋅ ⎛ ⎞⎢ ⎥⎜ ⎟⋅ − ⋅ ⋅ ⋅ − + + ⋅⎜ ⎟⎜ ⎟+ + +⎢ ⎥ ⎝ ⎠⎝ ⎠⎣ ⎦
= .  (12) 
Where 
2
p
2
m
ωt
η
c γ
= ⋅ , 
2
p
2
ωt
β
2 c
= ⋅ . We could find that the normalized optical pressure P depends on A and D. In equation (12), α  
comes from edge effect of capacitor, τ  come from the ratio between effective lengths of patch and slab which are generally 
different. For t=10nm, based on the resonance frequency data given in figure 3, we could obtain a value of α 14=  (see Part I). 
In Fig.5, we compare the calculated optical pressure from equation (12) and the simulated data. We found when τ 0.77= , 
Lagrangian model agree with simulation quite well.   
 FIG. S.5 Comparison between the Lagrangian model and simulation results: (a) D dependence of optical pressure calculated 
from Lagrangian model, which shows a bigger force for a small D; (b) D dependence of optical pressure from simulated data; 
(c) A dependence of optical pressure calculated from Lagrangian model; (b) A dependence of optical pressure from simulated 
data. Note that there is an optimal patch size that gives the maximal attractive force. 
